Introduction
Radiation-induced acute gastrointestinal syndrome is caused when the body is exposed to high doses of penetrating radiation (usually 10 Gy or higher). Mortality rates are high in these instances, as destructive damage in the gastrointestinal tract results in electrolyte imbalance and rapid dehydration. The molecular determinants of intestinal radiosensitivity and gastrointestinal syndrome are poorly understood. Intestinal stem cells (ISCs), which are crucial for physiological tissue homeostasis and regeneration after injury, are thought to play a critical role in this process (Potten, 2004; Ch'ang et al., 2005) .
Crypt base columnar cells (CBCs) are highly proliferative stem cells that reside at the base of intestinal crypts. CBCs are characterized by high activity of the canonical Wnt pathway, and activity of the Wnt target gene Lgr5 is commonly used for their identification and prospective isolation (Cheng and Leblond, 1974; Barker et al., 2007) . Although CBCs are widely believed to maintain the daily proliferative burden of the high-turnover epithelium, they are sensitive to DNA damage-causing agents such as high-dose γ-irradiation (γ-IR), and several independent studies have demonstrated that CBCs are largely ablated after γ-IR (Hua et al., 2012; Yan et al., 2012; Metcalfe et al., 2014; Asfaha et al., 2015) . Recently, Tao et al. (2015) showed that high Wnt pathway activity and basal crypt positioning sensitize CBCs to DNA damage, leading to their preferential depletion. Interestingly, that study also characterized a population of Wnt low /Lgr5 low cells above the crypt base that appear more radioresistant, raising the possibility that the Lgr5-marked population is heterogeneous and that Lgr5 low cells may contribute to regeneration after irradiation. Another recent study showed that ablation of Lgr5-expressing cells by a diphtheria toxin receptor inserted into the endogenous Lgr5 locus activated shortly before (or after) administration of high-dose radiation impairs the regeneration efficiency of the epithelium, suggesting a contribution from Lgr5 + cells to regeneration after radiation injury, although the timing of diphtheria toxin administration makes it difficult to dissect the contribution of radioresistant versus de novo-generated Lgr5 + cells to the regenerative process (Metcalfe et al., 2014) .
Despite the loss of the vast majority of Wnt high CBCs after high-dose γ-IR, regenerative crypt foci begin appearing ∼2-3 d after γ-IR exposure and fully repair the epithelium within ∼5 d. This regeneration is believed to be driven by a population of radioresistant stem cells with little to no canonical Wnt pathway activity (referred to hereafter as "reserve ISCs"). At least some of these reserve ISCs can be marked by CreER reporter genes targeted to the endogenous Bmi1 and Hopx loci Regeneration of the intestinal epithelium is driven by multiple intestinal stem cell (ISC) types, including an active, radiosensitive Wnt high ISC that fuels turnover during homeostasis and a reserve, radioresistant Wnt low/off ISC capable of generating active Wnt high ISCs. We examined the role of the Msi family of oncoproteins in the ISC compartment. We demonstrated that Msi proteins are dispensable for normal homeostasis and self-renewal of the active ISC, despite their being highly expressed in these cells. In contrast, Msi proteins are required specifically for activation of reserve ISCs, where Msi activity is both necessary and sufficient to drive exit from quiescence and entry into the cell cycle. Ablation of Msi activity in reserve ISCs rendered the epithelium unable to regenerate in response to injury that ablates the active stem cell compartment. These findings delineate a molecular mechanism governing reserve ISC quiescence and demonstrate a necessity for the activity of this rare stem cell population in intestinal regeneration. (Sangiorgi and Capecchi, 2008; Takeda et al., 2011; Yan et al., 2012; Li et al., 2014) ; however, recent evidence suggests that more differentiated cells may also act as facultative stem cells upon ablation of CBCs (Tetteh et al., 2016) . Despite the lack of consensus on the precise populations contributing to regeneration after injury, clear evidence demonstrates that under basal conditions in the absence of injury, Bmi1-/Hopx-CreER-marked reserve ISCs give rise to CBCs. Lineage tracing coupled with single-cell gene expression profiling reveals that Bmi1-/HopxCreER alleles mark a largely overlapping population of Wnt − reserve ISCs that give rise to active, Wnt high Lgr5 + CBCs upon division, and consequently all functional cell types of the epithelium over long periods of time (Takeda et al., 2011; Tian et al., 2011; Yan et al., 2012; Li et al., 2014) . Unlike Lgr5 + CBCs, the population of reserve ISCs is largely quiescent (in G0 and metabolically inactive) rather than activated (metabolically active and within the cell cycle; Li et al., 2016) . It has been postulated that the low metabolic activity of quiescent stem cells discourages genetic lesions induced by reactive oxygen species (Pazhanisamy, 2009 ). However, knowledge of the molecular mechanisms governing their radioresistance and subsequent exit from the quiescent state in response to γ-IR injury is lacking.
Musashi (Msi) RNA-binding proteins are expressed in the stem cell compartments of several tissues including the brain, intestine, and blood and are up-regulated in cancers arising from these tissues (Park et al., 2014; Li et al., 2015; . Msi proteins act primarily as translational regulators binding to messenger RNAs, and known target transcripts are involved in the regulation of cell cycle progression, metabolism, and stem cell self-renewal (Park et al., 2014; Li et al., 2015; Wang et al., 2015) . In the hematopoietic system, Msi2 is an important modulator of long-term hematopoietic stem cell (LT-HSC) proliferation and self-renewal (Hope et al., 2010; Ito et al., 2010; Kharas et al., 2010; Park et al., 2014) . Ectopic induction of Msi2 increases LT-HSC numbers, which is associated with a reduction in stem cell quiescence and a concomitant increase in the percentage of actively cycling LT-HSCs (Kharas et al., 2010) . Conversely, Msi2 deletion results in loss of engraftment potential of LT-HSCs in transplantation assays, demonstrating the importance of Msi2 in this largely dormant stem cell population (Park et al., 2014) .
In the intestinal epithelium, Msi proteins are expressed throughout the crypt, including in the active CBC stem cell compartment (Itzkovitz et al., 2011; Li et al., 2014 Li et al., , 2015 Wang et al., 2015) . We have previously established that Msi proteins are obligate and functionally redundant intestinal oncoproteins that drive epithelial transformation in large part through inhibition of intestinal tumor suppressors including Pten, resulting in downstream mTORC1 complex activation Wang et al., 2015) ; however, their role in intestinal homeostasis, regeneration, and stem cell self-renewal in vivo is entirely unknown. Here, we establish that Msi proteins are dispensable for the Wnt-driven self-renewal of CBCs but are required for cell cycle entry of quiescent reserve ISCs residing in G0. Msi up-regulation in reserve ISCs is sufficient to induce expression of metabolic genes including Myc, H6pd, and Hif1α and drive exit of reserve ISCs from G0 and into the cell cycle. Conversely, genetic ablation of Msi genes abrogates cell cycle entry. This manifests phenotypically in the failure of epithelial regeneration in response to injury. Further, we demonstrate that Msi expression must be tightly regulated in quiescent ISCs, as premature Msi induction before γ-IR injury sensitizes the intestinal epithelium to injury and impairs regenerative capacity. This emphasizes the importance of maintaining a pool of quiescent stem cells for the tissue to mount an effective injury response.
Results
Msi activity is dispensable for intestinal homeostasis, Wnt pathway activity, and CBC function under basal conditions
We initially confirmed published studies of Msi expression in the intestinal crypt, where Msi1 and Msi2 are expressed in CBCs and the transit-amplifying zone (Fig. 1 A; Li et al., 2015) . To unequivocally test the functional contribution of Msi proteins to intestinal homeostasis and stem cell self-renewal, we intercrossed Msi1 and Msi2 conditional knockout alleles previously generated in our laboratory (Katz et al., 2014; Park et al., 2014; Wang et al., 2015) with mice harboring a Villin-CreER transgene that drives robust, inducible recombination throughout all epithelial cells in the small intestine and colon (el Marjou et al., 2004; Li et al., 2015) . Ablation of either Msi1 or Msi2 individually throughout the intestinal epithelium and colon had no effect on tissue homeostasis, proliferation, or differentiation (not depicted), consistent with published studies demonstrating their functional redundancy (Sakakibara et al., 2002; Li et al., 2015) .
We therefore examined the consequences of concomitant ablation of both Msi1 and Msi2 in Msi1 flx/flx ::Msi2 flx/flx :: Villin-CreER double knockout (Msi-DKO) mice. We followed Msi-DKO mice for 1 wk and up to 6 mo after deletion and, surprisingly, observed no overt phenotypic changes to intestinal crypt-villus architecture (Fig. 1 B) , alteration in proliferation (Figs. 1 C and S1 A), or differentiation based on the frequency of Paneth and goblet cells (Fig. S1 , B and C). We also examined the colon in Msi-DKO and control mice and similarly observed no phenotypic changes (Fig. S2, A and B) or alteration in proliferation (Fig. S2 C) .
Transcriptome profiles from the crypts of control and Msi-DKO mice 1 wk after Msi deletion with Villin-CreER showed little differential gene expression, consistent with the phenotypic analysis. The few genes with significant changes in expression (fold change ≥1.5, p-value ≤0.1) were not enriched for any specific functional ontology (Table S1 ). Importantly, loss of Msi activity had no deleterious consequences for expression of Wnt pathway target genes, which is critical for proper intestinal homeostasis and CBC proliferation (Fig. 1 D) . In addition, ablation of Msi1, Msi2, or both had no effect on nuclear localization of the Wnt transcriptional effector β-catenin in cells at the crypt base (Fig. S2 D) . Further, we were able to generate Msi-null crypt organoids in vitro and passage them serially with no decrease in organoid-forming efficiency or detectable increase in Msi expression, which would be expected to result from selective pressure if rare cells escaping recombination had a growth advantage (Figs. 1 E and S2 E). There was also no difference in organoid-forming efficiency between Msi-DKO and control crypts at any R-spondin concentration tested in the absence of GSK-3 inhibitor (Fig. 1 E) . These findings demonstrate that Msi does not support activity of the canonical Wnt pathway and are in contrast to in vitro studies and in vivo gain-of-function assays suggesting that Msi potentiates activity of this pathway (Rezza et al., 2010; Spears and Neufeld, 2011; Cambuli et al., 2015) .
Ultimately, we tested the effects of Msi loss on the activity of CBCs marked by an Lgr5-eGFP-CreER reporter allele All data are expressed as mean ± SD. *, P < 0.05; **, P < 0.005; ***, P < 0.0005, Student's t test; n.s., not significant. (Barker et al., 2007) . Msi loss had no effect on the frequency or proliferation of CBCs (Fig. S2, F (Fig. S2, I and J). Collectively, these findings demonstrate that Msi loss has no effect on the activity of the canonical Wnt pathway or the proliferative self-renewal of CBCs.
Msi proteins are required for intestinal regeneration after radiation injury
Given prior findings demonstrating that Msi1/2 activity potentiates the activity of the mTORC1 complex in colorectal cancer Wang et al., 2015) , and that mTORC1 is similarly dispensable for intestinal homeostasis but is required for epithelial regeneration in response to injury (Ashton et al., 2010; Faller et al., 2015) , we next sought to determine how Msi loss affects intestinal regeneration in response to radiation injury. Msi1 flx/flx ::Msi2 flx/flx ::Villin-CreER or control Msi1 flx/flx :: Msi2 flx/flx mice were treated with five daily doses of tamoxifen and subjected to 12 Gy of ionizing γ-IR 1 wk later to ablate proliferative cells including CBCs (Tian et al., 2011; Tao et al., 2015) . In this context, intestinal regeneration (quantified by the number of clonal regenerative crypt foci per unit length 72 h after injury) was severely compromised in the absence of Msi activity ( (Fig. 2 B ). These data demonstrate that Msi activity is necessary for regeneration of the epithelium.
Recent studies indicate that the regenerative capacity of the epithelium in response to such high-dose γ-IR resides in a population of reserve intestinal ISCs that are marked, at least in part, by Hopx-CreER or Bmi1-CreER alleles (and possibly by other proxy reporter alleles; Montgomery et al., 2011; Takeda et al., 2011; Yan et al., 2012; Metcalfe et al., 2014; Asfaha et al., 2015) . Bmi1-or Hopx-CreER reporters are known to mark a largely overlapping population of rare reserve ISCs (although the Hopx-CreER population is more homogeneous; Li et al., 2014) . We next asked, therefore, whether Msi ablation specifically in this rare reserve ISC population could account for the failed regenerative response we observed after Msi ablation throughout the epithelium using Villin-CreER. To address this question, we crossed the Hopx-CreER allele into Msi1 flx/flx :: Msi2 flx/flx mice and assessed regeneration of intestinal epithelium after deletion of Msi using Villin-CreER, Hopx-CreER, or Lgr5-CreER and exposure to 12 Gy γ-IR. Msi ablation with Lgr5-CreER had no significant effect on regeneration, although a modest, nonsignificant decrease in regeneration was observed, possibly reflecting the function of an Lgr5 low cell previously described as radioresistant (Tao et al., 2015) . In contrast, Msi loss in rare Hopx-CreER reserve ISCs (making up less than 0.5% of the crypt epithelium; Takeda et al., 2011; Li et al., 2014) and some of their immediate progeny (as some reserve ISCs must divide during the time required for multiple tamoxifen injections before irradiation) resulted in failed epithelial regeneration to an extent indistinguishable from that observed with panepithelial Villin-CreER deletion, highlighting the importance of these rare reserve ISCs in the regenerative response of the intestinal epithelium (Fig. 2 C) .
Msi activity selectively governs reserve stem cell proliferation
Although these findings demonstrate that Hopx-/Bmi1-CreER reserve ISCs are important for epithelial regeneration after injury, recent data also suggest that the more differentiated progeny of Lgr5 + CBCs can revert to the CBC state and reacquire stem cell activity after CBC ablation with diphtheria toxin (Tetteh et al., 2016) . Under basal, noninjury conditions, Hopx-/ Bmi1-CreER ISCs are known to give rise to Lgr5 + CBCs upon division (Takeda et al., 2011; Tian et al., 2011; Li et al., 2014) . We thus sought to examine whether Msi plays an important role in the activation of these reserve ISCs during basal homeostasis. We initially performed single-cell gene expression analysis in Lgr5 + CBCs, reserve ISCs, and the progeny of reserve ISCs after 4 d of lineage tracing. As predicted, in the resting state, reserve ISCs marked by Hopx-/Bmi-CreER::R26-Lox-Stop-LoxtdTomato reporter activity 18 h after a single tamoxifen dose (Takeda et al., 2011; Li et al., 2014 ) expressed low levels of Msi genes and existed in a Wnt off/low state, with little to no expression of canonical Wnt targets such as Lgr5, Ascl2, and Ccnd1, along with high levels of the cell cycle inhibitor Cdkn1a, in stark contrast to CBCs (Fig. 3, A and B) . Four days after initiation of lineage tracing (when about half of reserve ISCs have divided to form clusters of two or more daughter cells; Takeda et al., 2011; Li et al., 2014) , reserve ISC progeny began activating Msi genes and canonical Wnt target genes (Fig. 3 B) . These data further suggest that Msi activity plays a role in promoting reserve ISC cell cycle entry.
To test this definitively, we examined lineage tracing from control mice (Hopx-/Bmi1-CreER::R26-Lox-Stop-Lox-tdTomato) or mice in which Msi activity is ablated specifically in reserve ISCs (Msi1 flx/flx ::Msi2 flx/flx ::Hopx-/Bmi1-CreER::R26-Lox-Stop-Lox-tdTomato). As predicted based on previous studies and single-cell gene expression analysis (Fig. 3 B) , reserve ISCs in control mice gave rise to clonal lineage tracing events that encompassed the entire crypt-villus axis after 14 d. In contrast, Msi loss abrogated lineage tracing from reserve ISCs, and these cells remained as single-labeled cells within intestinal crypts 14 d after initiation of tracing (Fig. 3 C, arrowheads ). These findings demonstrate that Msi activity is required for reserve ISC activation under basal homeostatic conditions, in which these cells normally generate CBCs.
Reserve ISCs represent a quiescent stem cell pool residing in G0 and require Msi activity for S-phase entry Recent findings that high Wnt pathway activity and cell cycling render CBCs susceptible to DNA damage (Tao et al., 2015) support a model in which a more dormant pool of reserve stem cells remains resistant to injury to regenerate the epithelium after damage. These reserve stem cells are often referred to as quiescent (i.e., residing in the G0 state outside of the cell cycle). We therefore sought to characterize quiescence in reserve ISCs. In stem cell biology, quiescence usually refers to cells with a dormant genome and low metabolic activity, reflected by low RNA levels in a diploid cell (G0), rather than simply the absence of cycling, which can also result from G1 arrest (Hüttmann et al., 2001; Fukada et al., 2007) . We first examined reserve ISC populations marked by Hopx-/Bmi1-CreER::R26-Lox-Stop-Lox-tdTomato and found that the majority of these populations reside in G0 (Fig. 4 A) . Exposure of these mice to 12 Gy γ-IR resulted in an exit of reserve ISCs from G0 into the cell cycle concomitant with an increase in Msi (Fig. 4 , B and C; and Fig. S4, A and B) , consistent with the previous functional demonstration that Msi activity in these cells is important for effective regeneration. We next asked how Msi loss affected the quiescent status of the reserve ISC compartment. Interestingly, ablation of Msi in reserve ISCs resulted in a G1 (not G0) arrest (Fig. 4 D) .
Further, these cells were no longer able to enter S-phase and incorporate ethynyl deoxyuridine (EdU) in response to 12 Gy γ-IR (Fig. 4, D and E) . Interestingly, these findings are consistent with previous studies on the mTORC1 complex, inactivation of which similarly results in G1 arrest (Kalaitzidis et al., 2012) as well as failure of the intestinal epithelium to regenerate in response to high dose γ-IR injury (Ashton et al., 2010; Faller et al., 2015) .
Collectively, the findings thus far demonstrated that reserve ISCs represent a pool of quiescent stem cells that require induction of Msi activity for proper exit from quiescence and (Tam), 24 h apart, and were exposed to 12 Gy γ-IR 3 d after the final dose. Tissue was harvested 3 d after γ-IR. Hematoxylin and eosin-stained sections from the jejunum were used for quantification of regeneration efficiency (regenerative crypt foci per unit length of small intestine; n = 4-6). Bar, 100 µM. All data are expressed as mean ± SD. *, P < 0.05; **, P < 0.005; ***, P < 0.0005, Student's t test; n.s., not significant.
cell cycle entry, which in turn is necessary for regeneration of the epithelium in response to injury.
Msi activity is sufficient to drive reserve ISCs out of G0 and into the cell cycle
We next asked whether Msi activity alone was sufficient to drive reserve ISC exit from G0 and into the cell cycle. To address this question, we used a mouse model in which a single copy of Msi1 is targeted into safe-haven chromatin and is under control of the doxycycline-inducible tetracycline-responsive element (TRE-Msi1; Li et al., 2015) . Administration of doxycycline to Hopx-/Bmi1-CreER::R26-Lox-Stop-Lox-tdTomato::TRE-Msi1 mice for as little as 36 h resulted in robust exit of reserve ISCs from G0 and subsequent entry into the cell cycle (Fig. 5 A) . This ectopic Msi induction drove increased proliferation and lineage tracing from reserve ISCs (Fig. 5, B-D) . At the molecular level, Msi induction activated expression of metabolic and proliferative genes such as H6pd, Hif1α, and c-Myc in reserve ISCs (Fig. 5 E, Fig. S5 A, and Table S2 ). In contrast, ectopic Msi induction did not induce expression of canonical Wnt target genes such as Lgr5 and Ascl2 in reserve ISCs (Fig. 5 E) . Further, ectopic Msi induction had no effect on the molecular identity of CBCs, further confirming the cell type specificity of Msi function (Fig. 5, E and F) . These findings indicate that Msi drives reserve stem cells out of quiescence in a Wnt-independent manner.
Premature exit of reserve ISCs from G0 sensitizes the intestinal epithelium to radiation injury
Ultimately, the data presented thus far led to a model in which reserve ISCs maintain radioresistance by virtue of their residence in the quiescent G0 state outside of the cell cycle in the absence of Msi activity. Under basal conditions, Msi is periodically Hopx-CreER and control mice treated with two daily doses of tamoxifen. The mice were divided in two groups, and one group received 12 Gy γ-IR immediately after the second dose of tamoxifen. Tissue was harvested 2 d after the second dose of tamoxifen. The graph shows EdU incorporation of tdTomato + 48 h after IR in either the presence or absence of Msi (n = 3). Bar, 50 µM. All data are expressed as mean ± SD. *, P < 0.05; **, P < 0.005; ***, P < 0.0005, Student's t test. ISCs with and without Msi1 induction based on the expression profiling of 48 transcripts representing the Wnt pathway, Notch pathway, proliferation, metabolism, and stem cell identity. Each sphere represents a single cell, and the percentage of variation ascribed to each of the principle components is delineated on the axes. The cages around the Bmi1-CreER (red) and Lgr5-eGFP (green) populations represent the domain contained within two SDs of the arithmetic centroid of the population. Color coding of ISCs is indicated in the panel. All data are expressed as mean ± SD. *, P < 0.05; **, P < 0.005; ***, P < 0.0005, Student's t test; n.s., not significant. activated in reserve ISCs, enabling their exit from quiescence. Upon Msi ablation, these cells can no longer enter the cell cycle, and the activity of CBCs (which do not require Msi activity) masks any phenotypic consequences of failed reserve ISC activation. Only upon radiation injury and CBC ablation do the phenotypic consequences of Msi loss and failed reserve ISC activation manifest themselves as failed epithelial regeneration.
If this model were correct, we would predict that premature exit of reserve ISCs from G0 and into the cell cycle should sensitize these cells and the intestinal epithelium to radiation damage, resulting in failed regeneration. To test this prediction, we drove reserve ISCs from G0 with a 24-h pulse of ectopic Msi1 induction in TRE-Msi1 mice followed by exposure to 12 Gy γ-IR injury and quantified the frequency of clonal regenerative crypt foci. Indeed, in this context, the regenerative capacity of the epithelium was severely compromised (Fig. 6 A) , providing support to the notion that maintenance of a pool of reserve ISCs in G0 acts as a protective mechanism for the tissue in the event of DNA damage. In contrast, doxycycline administration and Msi induction 48 h after γ-IR had no deleterious effects on regeneration of TRE-Msi1 mice (Fig. S5 B) .
Discussion
It is becoming increasingly clear that several tissues in adult mammals, most notably the hematopoietic system, bifurcate their stem cell compartments into a slow-cycling, quiescent stem cell capable of giving rise to a cycling, active stem cell (Li and Clevers, 2010) . The benefit of such an organizational Figure 6 . Msi activity regulates radiosensitivity of intestinal epithelium. (A) Hematoxylin and eosin-stained sections from the jejunum of irradiated TRE-Msi1 and control (R26-m2rtTA) mice. Both groups received doxycycline for 24 h before irradiation and were harvested 3 d after γ-IR. During the regeneration period, mice received regular drinking water (no doxycycline). Quantification of regeneration efficiency after irradiation injury was done by counting regenerative crypt foci, defined as 10 or more adjacent chromophilic cells and a lumen in hematoxylin and eosin-stained sections (n = 3-4). Bar, 100 μm. (B) Model depicting behavior of reserve and active ISCs during homeostasis and regeneration after high-dose γ-IR. All data are expressed as mean ± SD. **, P < 0.005, Student's t test.
structure is the capacity to promote tissue regeneration after damage while maintaining the proliferative output necessary to keep up with the demands of high-turnover tissues using a relatively small stem cell pool.
In the intestinal epithelium, recent studies have begun to define a hierarchical stem cell organization similar to that observed in the hematopoietic system, with a radioresistant, slow-cycling reserve ISC giving rise to an actively proliferating crypt base columnar cell, whose self-renewal is driven by high Wnt pathway activity (Li and Clevers, 2010; Montgomery et al., 2011; Takeda et al., 2011; Tian et al., 2011; Asfaha et al., 2015) . There has been considerable interest in gaining a better understanding of radioresistant intestinal cells that contribute to regeneration after damage by radiation/chemotherapy because of the relevance in the context of traditional cancer therapies, and also because of the apparent parallels between regeneration after damage and intestinal oncogenic transformation.
Recently, we have demonstrated that the Msi2 RNAbinding protein is capable of driving long-term hematopoietic stem cells out of quiescence and into the cell cycle (Kharas et al., 2010) . In the intestinal epithelium, Msi1 and Msi2 function redundantly by binding to several transcripts that encode known negative regulators of mTORC1, including Pten, Bmpr1a, and Lrig1, and aberrant Msi activation leads to Pten repression and induction of the AKT-mTORC1 axis Wang et al., 2015) .
In the current study, we investigated the function of the Msi family of RNA-binding proteins in intestinal stem cell function under basal conditions and during regeneration in response to injury. The data demonstrate that Msi1 and Msi2 are upregulated during the exit of reserve ISCs from quiescence, both under basal conditions and during regeneration after ablation of Wnt high CBCs in response to high-dose radiation (Fig. 6 B) . We therefore tested the sufficiency and necessity of Msi proteins for reserve stem cell activation and CBC self-renewal. Remarkably, genetic ablation of either Msi family member, as well as concomitant ablation of both Msi1 and Msi2 throughout the intestinal epithelium and colon, had no adverse effects on homeostasis, active CBC self-renewal, or Wnt pathway target gene expression, despite the high level of both Msi family members in the Wnt high CBC stem cells (Potten et al., 2003; Cambuli et al., 2013; Li et al., 2015; Wang et al., 2015) .
In contrast to the lack of phenotype in CBCs, Msi loss in of reserve ISCs (marked by either Hopx-CreER or Bmi1-CreER) resulted in the failure of these cells to become activated and contribute progeny to the epithelium. This failure of reserve ISC activation had no apparent detrimental consequences for the epithelium in the basal state, at least in the time period we investigated, likely because the unaffected CBC compartment provided the proliferative output necessary for epithelial maintenance. However, when mice lacking Msi activity in the entire epithelium or specifically in the very rare reserve ISCs were exposed to DNA-damaging γ-IR injury at levels known to ablate the CBC compartment, intestinal regeneration failed. This finding highlights the importance of these rare reserve ISCs in mounting a regenerative response in the face of injury.
When considering how reserve ISCs resist DNA damage, we analyzed their cell cycle status. Reserve ISCs are often referred to as being quiescent or residing in G0, as this state is thought of as being protective to stem cells in unfavorable environments (Cheung and Rando, 2013) . Indeed, we observed that the majority of ISCs marked by Hopx-CreER or Bmi1-CreER reside in G0, whereas the remainder of the population cycles actively. We demonstrate that Msi activity controls the exit of reserve ISCs from the G0 state and their subsequent entry into the cell cycle. The importance of maintaining a pool of quiescent stem cells as a means to respond to injury can be observed in gain-of-function experiments in which ectopic activation of Msi1 drives reserve ISCs from quiescence. In this context, premature exit of this population from G0 and into the cell cycle renders the epithelium susceptible to radiation injury, supporting the notion that residence in G0 protects ISCs from DNA damage.
Interestingly, the phenotype of Msi loss of function is reminiscent of inactivation of mTORC1: both result in failed intestinal regeneration after injury and in G1 cell cycle arrest (Ashton et al., 2010; Kalaitzidis et al., 2012; Faller et al., 2015) . We have previously established that in the context of colorectal cancer, mTORC1 is a functionally important target of Msi activity, and both mTORC1 and Msi are required for transformation of the epithelium downstream of APC loss. Consistent with our current findings, a recent study found that the negative regulator of mTORC1 activity, Pten, regulates the proliferation of intestinal stem cells marked with proxy reporter alleles driven by the mTert promoter (a population that likely overlaps with the Hopx-/Bmi1-CreER-marked population in the current study based on their functional and molecular similarities; Richmond et al., 2015) . These findings are entirely consistent with observations in hematopoietic and muscle tissues that the mTORC1 complex similarly governs stem cell quiescence (Kalaitzidis et al., 2012; Rodgers et al., 2014) .
Collectively, our findings emphasize the significance of tight regulation of reserve stem cell quiescence in protecting the intestinal epithelium from genotoxic insults. The discovery that Msi proteins govern reserve intestinal stem cell activation provides a foundation for future studies aimed at the development of therapeutic interventions that delay ISC cell cycle entry in an effort to protect patients against acute side effects of radiation therapy and radiation-induced acute gastrointestinal syndrome.
Materials and methods

Mouse strains
Lgr5-EGFP-IRES-CreER (JAX strain 008875), Bmi1-CreER (JAX strain 010531), and R26-CAG-LSL-tdTomato (JAX strain 007914) mice were obtained from The Jackson Laboratory. Hopx-CreER (JAX strain 017606) mice were generated at the University of Pennsylvania in the laboratory of J. Epstein (Philadelphia, PA). Mice were maintained on a C57/BL6N background.
Generation of the TRE-Msi1 doxycycline-inducible mouse model and Msi1 and Msi2 conditional alleles was previously described Park et al., 2015) . They were crossed with mice harboring tamoxifen-inducible Cre recombinases (Villin-, Hopx-, Bmi1-, and Lgr5-CreER mice) for conditional deletion of floxed alleles or activation of fluorescent reporter (el Marjou et al., 2004; Barker et al., 2007; Sangiorgi and Capecchi, 2008; Takeda et al., 2011) .
All experimental analyses were performed on three or more individual mice (male or female mice at 8-12 wk of age). Controls and experimental groups were either sex-matched littermates or agematched, sex-matched nonlittermates. To ablate Msi genes or activate the R26-LSL-tdTomato reporter, tamoxifen (Sigma-Aldrich) was dissolved in corn oil at 10 mg/ml, and 1 mg tamoxifen was injected intraperitoneally for each dose. To induce Msi1 gene expression, TREMsi1 and control (M2rtTA alone) mice received 1 mg/ml doxycycline hyclate (Sigma-Aldrich) in drinking water, supplemented with 1% (wt/ vol) sucrose. 12 Gy whole-body γ-IR was administered to at least three mice in each group. All mouse protocols were approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania under protocol 803415 (C.J. Lengner).
Histology, immunofluorescence, and immunochemistry
Tissues were fixed in 4% PFA overnight at 4°C, washed in PBS, and moved to 70% ethanol before paraffin embedding and sectioning. Hematoxylin, eosin, Alcian blue, and alkaline phosphatase staining was performed according to standard procedures in the Morphology Core of the Penn Center for Molecular Studies in Digestive and Liver Diseases. For immunostaining, antigen retrieval was performed by heating slides in 10 mM citrate buffer (10 mM sodium citrate and 0.05% Tween 20, pH 6) or Tris/EDTA buffer (10 mM Tris base, 1 mM EDTA solution, and 0.05% Tween 20, pH 9) with a pressure cooker.
Leica Biosystems SP5 (LAS AF software) and SP8 confocal microscopes (LAS X software) were used for fluorescence microscopy equipped with 10× dry, 20× dry, 40× water, and 63× oil objectives. An E600 microscope (Nikon) equipped with 10×, 20×, and 40× brightfield objectives (iVision software) was used for light microscopy. Imaging was performed at RT.
The following primary antibodies were used for immunostaining: Living Colors DsRed polyclonal antibody (1:200, 632496; Takara Bio Inc.), anti-Ki67 antibody (1:1,000, NCL-Ki67p; Leica Biosystems), anti-Musashi1 antibody (1:200, D270-3; MBL International), anti-Musashi2 antibody (1:200, NBP1-42029; Novus Biologicals), anti-β-catenin antibody (1:1,000, C7207; Sigma-Aldrich), anti-E-cadherin (1:200, 13-1900; Invitrogen), and anti-lysozyme C antibody (C-19, 1:200, sc-27958; Santa Cruz Biotechnology, Inc.). Cy2-, Cy3-, and Cy5-conjugated secondary antibodies were obtained from Jackson ImmunoResearch Laboratories, Inc. Biotinylated secondary antibodies and DAB substrate kit for immunohistochemistry were purchased from Vector Laboratories.
All quantifications were done on 20-40 randomly selected areas in proximal or distal intestine of at least three mice in each group. For quantification of regenerative efficiency, surviving crypts were defined as 10 or more adjacent chromophilic cells and a lumen in hematoxylin and eosin-stained sections from intestinal epithelium.
For quantification of Msi1 fluorescence intensity, tdTomato + populations were sorted by FACS from experimental and control mice, smeared over coverslips coated with CELL-TAK (354240; Corning), and allowed to settle at 37°C for 10 min. The cells were subsequently fixed in 4% PFA and permeabilized in 0.5% Triton X-100 before staining. Quantification of fluorescence intensity was done using MetaMorph Microscopy Automation and Image Analysis Software.
Intestinal epithelial cell isolation
Intestinal epithelial cells were isolated as described previously (Sato et al., 2009) , with modifications. Small intestine was dissected out of mice of the appropriate genotype, opened longitudinally, and washed twice with cold PBS. The tissue was incubated in 5 mM EDTA/HBSS for 10 min at 4°C, and the villi were gently scraped off using a glass coverslip. The intestine was minced, placed into fresh 5 mM EDTA/ HBSS, and incubated for 30 min on ice. After transfer of tissue into fresh EDTA/HBSS buffer, the tissue fragments were vigorously suspended by pipetting. The supernatant was centrifuged at 1,500 rpm for 5 min to collect crypts.
Flow cytometry
For flow cytometry analysis, a single-cell suspension was made by incubation of isolated crypts or total epithelium in 0.05% trypsin for 10 min at RT. Lgr5 + stem cells were quantified by flow cytometry on cells isolated from Lgr5-eGFP-IRES-CreER. Frequency of Bmi1-Tomato and Hopx-Tomato ISCs were quantified by flow cytometry on cells isolated from Bmi1-CreER::Lox-Stop-Lox-tdTomato and Hopx-CreER::LoxStop-Lox-tdTomato 18 h after tamoxifen injection. 1 µg/ml DAPI was used to exclude dead cells from the quantification of ISCs. For quiescence (G0) analysis, tdTomato + cells were sorted by FACS from experimental and control mice into 100% ethanol and placed at 4°C overnight. The cells were then stained with pyronin Y (1 µg/ml) and DAPI (10 µg/ ml) for 30 min before flow cytometric analysis. EdU incorporation was assessed by intraperitoneal injection of mice with 30 mg/kg EdU 2-4 h before tissue harvest, and incorporation was analyzed with Click-it EdU assay kit (C10634; Thermo Fisher Scientific) and flow cytometry.
Quantitative RT-PCR 1 µg total RNA was used in a 20-µl first-strand cDNA synthesis reaction (Thermo Fisher Scientific). SYBR green quantitative RT-PCR was performed under standard conditions using a QuantStudio 6 Flex (Thermo Fisher Scientific), and data were analyzed using QuantStudio RT-PCR software. Custom primers were validated with standard SYBR green qRT-PCR. Data were normalized to housekeeping gene Gapdh. The following sets of primers were used to assess Msi1 and Msi mRNA expression levels: Msi1, 5′-GCC ATG CTG ATG TTC GAC AA-3′ and 5′-CTA CGA TGT CCT CGC TCT CAA-3′; Msi2, 5′-GCG ATG CTG ATG TTC GAC AA-3′ and 5′-TCT CCA CAA CGT CTT CAT TCT CA-3′.
Determination of recombination of Msi1 and Msi2 genes:
DNA was extracted from eGFP + dtTomato + sorted cells from Msi1 flx/flx-::Msi2 flx/flx ::Lgr5-EGFP-IRES-CreER::LSl-tdTomato mice. DNA was resuspended in Tris/EDTA, and the concentration was normalized before PCR. The following sets of forward and reverse primers were used: Msi1 floxed and wild-type, 5′-CGG ACT GGG AGA GGT TTC TT-3′ and 5′-AGC TCC CCT GAT TCC TGGT-3′; Msi2 floxed and wild-type, 5′-GCT CGG CTG ACA AAG AAA GT-3′ and 5′-TCT CCT TGT TGC GCT CAG TA-3′; Msi2 null, 5′-CCT GTC TGG TTG CTT CCT CG-3′ and 5′-GAG CCA ACT CGC TAG CTTG-3′. These primers were used to detect wild-type, floxed, and null alleles using Hot Start DNA polymerase (CB4040; Denville Scientific).
Organoid culture 50 isolated crypts were mixed with 50 µl Matrigel (BD) and plated in 24-well plates. After polymerization of Matrigel, 500 µl crypt culture medium (advanced DMEM/F12 containing 50 ng/ml EGF [Invitrogen], 0.5 µg/ml R-spondin 1 [The Wistar Institute], 100 ng/ml Noggin [PeproTech] , and 3 µM GSK-3 inhibitor [CHIR99021; Stemgent]) was added. In Fig. 1 E, the culture medium contains no CHIR99021 and 0-0.5 µg/ml R-spondin 1.
Fluidigm single-cell gene expression
For the single-cell gene expression graphs in Fig. 3 B, raw data were extracted from Li et al. (2014) . Full methodology is provided in that reference as well. Raw data for Fig. 5 (E and F) and Fig. S5 are provided in Table S2 .
Transcriptome profiling
Total RNA was isolated from crypts of mouse small intestinal epithelium cells from three control and three Msi-DKO mice that received five doses of tamoxifen (1 mg each dose, T5648-1G; Sigma-Aldrich) for five consecutive days 1 wk before tissue harvest. Total RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. Total RNA was DNase treated with an RNase-free DNase kit (Zymo Research). Purified RNA was submitted to the University of Pennsylvania Molecular Profiling Core, where samples were labeled and hybridized to Affymetrix Mouse Gene 1.0ST arrays. Microarray data were analyzed using Partek Genomics Suite software. After RMA background subtraction and normalization, oneway analysis of variance between controls and Msi-DKO was run to compute p-values of significance and F statistic for each probe set. The q value, a measure of false discovery rate (FDR), was computed within the significance analysis of microarrays software for each probe set by running an unpaired t test. The FDR values were integrated with the one-way analysis of variance results. The set of differentially expressed genes were selected as those that were significant at an FDR cutoff of 5% and a p-value of 0.05 and that changed at least 1.5-fold in either direction in the Msi-DKO group compared with the control group.
Statistical analysis
Throughout all figures, center values represent means. We performed unpaired Student's t tests to calculate p-values. Error bars reflect SD. For animal studies, samples were excluded from experiments if animals were considered unhealthy.
Online supplemental material
Figs. S1 and S2 show that Msi loss does not affect proliferation and differentiation of epithelial cells and CBCs in the intestine and colon under basal conditions. Fig. S3 shows that Msi loss impairs regeneration in Msi knockout mice after high-dose irradiation. Fig. S4 shows Msi up-regulation in regenerative crypt foci after radiation injury. Fig.  S5 shows that Msi up-regulation activates metabolic genes. Table S1 lists gene expression values in Msi DKO and control intestinal crypts. Table S2 shows raw data for single-cell gene expression profiling of Lgr5 + CBCs and Bmi1-CreER + reserve ISCs.
